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ABSTRACT
PUSH-PULL MOLECULES: MODELS AND POLYMER BUILDING BLOCKS FOR ORGANIC
PHOTOVOLTAIC APPLICATIONS
FEBRUARY 2014
RAYMOND DEVAUGHN, B.S., UNIVERSITY OF THE DISTRICT OF COLUMBIA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Paul M. Lahti
Several fluorenone alkynyl based oligo conjugated molecules were synthesized and
characterized. Most compounds exhibited UV-‐Vis absorption onset at ca. 500 nm and a
PL emission onset of ~329-‐370 nm, with excimer emission suspected from most systems
near ~530-‐560 nm. Experimentally determined EHOMO and ELUMO energies range from -‐
6.02 to -‐5.73 eV and -‐3.47 and 3.55 eV, respectively, with the lowest experimental Eg
lying at -‐2.26 eV for 2-‐(trimethoxyphenylacetylene)-‐fluorenone. Cyclic voltammetry
indicates quasi-‐reversible reduction for all systems, with 2,7-‐
bis(nitrophenylacetylene)fluorenone exhibiting a high reduction potential of -‐1.25 eV.
Only 2,7-‐bis(trimethoxyphenylacetylene)fluorenone exhibited a quasi-‐reversible
oxidation, due to electron rich methoxy substituents. Diketopyrrolopyrrole systems as
electron acceptors were also explored.
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CHAPTER 1
INTRODUCTION
According to the DOE US Energy Information Agency (USEIA), in 2010, renewable
energy sources accounted for about 8% of total energy consumption and 10% of total
electricity generation in the United States.1 This is striking considering the US is third in
oil production worldwide but first in oil consumption (more than twice than that of the
next country).1 Since the 1970’s, the alternative energy sector has increased in diversity.
The most commonly utilized sources include solar, wind, biomass, geothermal,
hydrogen (fuel-‐cell) and hydropower.1 Of the 8% of alternative energy consumed, only
~1% comes from photovoltaic solar cells.
Photovoltaics (PV) hold great promise since sunlight is the most abundant energy
source available. Many of the PV cells currently in use are based on inorganic crystalline
or amorphous silicon with efficiencies up to ~27% (crystalline silicon).2 However, there is
still intent to reduce cost and broaden the usage scope of such systems. The
manufacturing process of these cells makes them challengingly expensive for many
applications. One solution is the use of organic PV (OPV) cells, based on organic small
molecules or polymers. Some of the advantages of OPVs are significantly lower costs
due to ease of processability of materials and the capability of producing lightweight
and flexible cells by printing on plastic substrates.
One of the biggest obstacles with making OPVs competitive to replace or augment
inorganic solar cell use is their comparatively low efficiency, although many believe that
this can be offset by their low cost. To date, the highest achieved efficiency is ~10.7% by

1

the German company Heliatek.3 Even though this is low compared to 27%, it is widely
believed that OPVs will become commercially viable if their efficiency exceeds 10%4.
Reproducibly achieving efficiencies of 10% will require enhancement of molecular
design and device fabrication.
The goal of my work presented herein is to design alkynyl based push-‐pull molecules
that can be incorporated into polymers in bulk heterojunction (BHJ) OPVs. The behavior
and photophysical properties of these will be probed and optimized, paying particular
attention to increasing intensity and range of solar absorption and reducing the band
gap. An attractive aspect to my design is that these molecules might be used as small
molecule electronic materials or in polymer materials. When incorporated into the
conjugated backbone, an alkyne can enhance planar packing in a system, an important
characteristic necessary for electronic materials. For decreasing band gaps, alkynes aid
in increasing conjugation length.5 Furthermore, several systems have been shown to
increase efficiency with the use of alkynes as π-‐bridges or spacers.6 Particular attention
to molecular and polymeric architecture in linear, branched and disc-‐shaped molecules,
will be explored as well.
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CHAPTER 2
BACKGROUND
Interest in alkynes in conjugated systems for semiconducting behavior has been
increasing, particularly for poly-‐ and oligo-‐arylene ethynylenes.
One reason for this is the overall increase in reaction yields using the Sonogashira
protocol, compared to Cassar and Heck conditions. Also, conformational limitations and
rigidity allow arylene ethynylenes to maintain a more planar conformation than some
ethenyl derivatives, which can suffer from decreased delocalization as a result of non-‐
planar conformations. Though there may be steric interactions in alkynyl systems, the
resulting bending distortion is not strong enough to disrupt delocalization.7 The ability
to take advantage of the electron withdrawing character of the triple bond also make
alkynes attractive for incorporation into optoelectronic systems7. There are some
inherent limitations associated with alkynyl behavior such as lesser delocalization when
compared to its vinyl derivative. Larger band gaps have also been observed, when
compared to the ethenyl analogues, which may limit solar absorption and make charge
separation more difficult.8
One of the earliest uses of alkyne linked compounds in OPVs was by Katz et al., who
reported a 1% PCE using a 2,8-‐diethyl-‐5,11-‐bis(triethylsilylethynyl)
anthradithiophene/PCBM system. Lloyd functionalized the 2,8 positions of
anthradithiophene with ethynyltrimethylsilane in which the triple bond reduced
herringbone packing, allowing better π-‐stacking and increased charge mobility.9 The
triethylsilylethynyl (TES) units increased solubility and allowed close co-‐facial stacking to
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occur. More recently Silvestri and coworkers10 compared several oligomers in BHJ
devices with PCBM, varying between double and triple bonds, as shown in Figure 1 and
Table 1. Of particular note are two sets of compounds:
(A-‐P6t, 1) and (A-‐P6d, 3), compared to (PA-‐P6t, 2) and (PA-‐P6d, 4).

Figure 1. Alkyne incorporating acenes by Silvestri et al.

A-‐P6t/PCBM (1:1)
A-‐P6d/PCBM (1:1)
PA-‐P6t/PCBM (1:1)
PA-‐P6d/PCBM (1:1)

Voc (V)
0.96
0.79
0.93
0.88

Jsc (mA/cm2)
2.62
0.26
2.63
1.16

10

FF (%)
45
20
41
32

Table 1: Properties of Silvestri anthracene derivatives.

PCE (%)
1.17
0.04
1.02
0.34
10

The solar cell properties of 1 compared to 3 and 2 compared to 4 are striking; all
photovoltaic performance parameters increase when going from ethenyl to ethynyl
bonds with no other changes. Of particular note is the increase by a factor of ~30 in
photoconversion efficiency (PCE) from 3 to 1. Furthermore, the efficiency of 2 was
increased by a factor of three when compared to molecule 4 under the same conditions.
Despite some disadvantages in terms of band gap increase by comparison to ethenyl
groups, alkynyl incorporating molecule and polymers still show great promise to
increase the overall efficiency of OPVs. Photophysically, the use of the triple bond can
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also increase the Voc by decreasing the HOMO energy, which can contribute to increase
PCE.
2.1 Molecular/Polymer Design Strategies
2.1.1 General Design Strategies to fit Solar Cell Electronic Parameters
To exemplify important design parameters for a polymer based solar cell, Figure 2
shows critical electrical parameters based on the now much-‐tested P3HT/PCBM cell
design. The open circuit voltage Voc represents the maximum potential for the cell with
zero current flow or infinite resistance; while Jsc represents the maximum short-‐circuit
current if the cell were simply connected electrode-‐to-‐electrode with no opposing
resistance. These parameters are closely related to the electronic properties of the
molecular or polymer electronic components in the cell and their relationship is shown
in Equation 1 below.
! !

!" !"
𝜂𝜂= 𝐹𝐹�
, 𝑤𝑤ℎ𝑒𝑒�
𝑒𝑒𝐹𝐹�
=

!!"#$%

a

!!"# !!"#

!!" !!"

≡

!!"#

(1)

!!"#$%

b

Figure 2a-‐b: a. Ideal polymer required energy levels as compared to P3HT &PCBM.
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b. Calculated energy level

requirements for maximum PCE of an “ideal” polymer, when compared with P3HT &PCBM.
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To achieve the best photoconversion efficiencies for such a system, the electron donor
material must have a band gap <1.74 eV, a HOMO of -‐5.4 eV and a LUMO level < -‐3. 92
eV.12 Its ELUMO should lie ~0.3-‐0.35 eV above the acceptor LUMO as shown in Figure 2
above. Though a minimum of 0.3 eV in energy difference from donor and acceptor
LUMOs is required to provide an energy incentive for charge separation and
disassociation, a larger difference is not necessarily more advantageous. These
parameters assume the acceptor is PC60BM. PC70BM, Figure 3, however, has been of
interest lately due to its higher molar extinction coefficient and its often higher Voc
compared to PC60BM.13

Figure 3. Structure of PC70BM.

In general, to achieve a PCE higher than P3HT/PCBM, the donor needs EHOMO ~0.2 -‐
1.25 eV lower than that of P3HT and ELUMO ~0.3 eV above PCBM. That means an ideal
polymer should have a HOMO of -‐5.4 eV and a LUMO of about -‐3.9 eV, with Eg ~ 1.5eV,
as shown in Figure 2a. This is reinforced by calculated maximum efficiencies of an ideal
polymer and its required energy levels that are shown in Figure 2b, when the IPCE is
assumed to be 65%.
Several parameters can be adjusted to increase power conversion efficiency (PCE) in
organic photovoltaics. But, adjusting one parameter usually affects other parameters.
With that in mind, there are some general strategies that can be used for PCE
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improvement such as6:
•

Control of morphology through varying solvent use for layer formation.

•

Lowering a polymer’s optical gap to raise Jsc.

•

Increasing the ionization potential of electron donor materials and lower the
electron affinity of acceptor materials, to raise Voc.

•

Use self-‐organizing materials with the capability to control blend
nanostructure and get better BHJ formation

The Voc of a solar cell is related to the band gap of the active material by the Voc
relationship above.
A frequently used method of increasing Voc is to decrease the donor material’s band
gap. When trying to tune the band gap to match that of PCBM, one can accomplish this
by raising its HOMO energy level by adding electron-‐donating groups (EDG). The energy
level of the LUMO may be lowered by incorporating electron-‐withdrawing groups (EWG)
covalently bonded to the donor. For example, Chen et al. (Solarmer Energy Inc.) showed
that, with the incorporation of EWGs on PBDTTT, there was an increase in Voc of 0.14 V
and a PCE increase of 2.58%.14 Another approach to enhance PCE, though based mostly
on trial and error, is adjusting donor:acceptor ratio, as well as incorporation of solvent
additives.
2.1.2 Molecular design for pi-‐stacking; Linear, branched and disc-‐shaped target
molecules

7

Potentially useful small molecules for organic OPVs should have two vital
characteristics. Firstly, functionalization with solubilizing substituents, usually alkyl
groups, allows for efficient processing and good quality films. Secondly, they should
have good π conjugation along the length of the molecule, which directly affects
absorption, emission, intermolecular interactions (π-‐ stacking) and charge
transfer/transport. Recently, the introduction of side chains into the polymer backbone
has been investigated as an electronic communication technique similar to
crosslinking.15 If conjugated side-‐chains can be attached to a conjugated backbone
without interrupting conjugation, absorption, charge mobility and PCE can be enhanced
by allowing the conjugated side chains to electronically communicate with other
polymer chains.
In two different studies, Li and coworkers14,16 showed an increase in Voc, Jsc, FF, hole
mobility and PCE when conjugated side chains were introduced to polythiophene (PT).
They synthesized several polymers with increasing concentrations of side-‐chains in
TThV, shown in Figure 4 below, and showed that a PT-‐TThV polymer with 20% TThV
exhibited a UV-‐vis absorption red shift from ~400 nm to 459 nm in solution.

Figure 4. PT-‐TThV from Li and workers.
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In the solid state, the maximum absorption further increased to 521 nm.14 This
considerable red shift in the solid-‐state supports a claim of increased communication
8

between the polymers and the side chains. They showed an increase in PCE from 0.87%
to 1.91% and a hole mobility increase from 5.23 x10-‐6 to 6.35x10-‐4 cm2/V·∙s.
Another approach has been to incorporate branched π –bridged acceptor units in
extended polymers, to enhance internal charge transfer character. Zhao et al. showed
an increase in PCE from 0.62 to 1.49% and decrease in band gap from 2.43 to 2.24 eV for
a terthiophene–fluorene polymer substituted with an electron deficient oxadiazole unit,
as shown in Figure 5.17 A linear comparison model, monothiophene-‐fluorene, was not
well conjugated because the side chains on the monothiophene-‐fluorene unit interacted
with one another. Extending the length of the backbone with terthiophene was
necessary to overcome this problem. When this was done, the effect of the oxadiazole
could be utilized to decrease the band gap.

Figure 5. Polymers from Zhao and coworkers.
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Star or disc-‐shaped molecules have also gained increasing attention. Disc-‐shaped
molecules frequently have good π-‐stacking ability, which typically increases charge
transport. Some of the earliest disc-‐shaped molecules to be used in photovoltaics
include porphyrins. An Ortep view x-‐ray crystal structure shown in Figure 6 shows its π-‐
stacking ability.

9

Figure 6. Example of pi-‐stacking in cobalt phthalocyanine.
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Star-‐shaped molecules based on triphenylamine are typically solution-‐processable
and are frequent targets of testing.19 They are also attractive candidates for low band
gap push-‐pull systems because the increased conjugation length will increase the solar
absorption and the increase of the number of D-‐π-‐A arms will create more charge
carriers, thus increasing mobility.
As an example of potential photoconversion improvements when comparing similar
linear vs. star-‐shaped compounds, (triphenylamine-‐benzothiadiazole (TPA-‐BT)), Li and
coworker showed an increase in hole mobility from 1.46x10-‐6 cm2/V·∙s to 4.71x10-‐5
cm2/V·∙s for the branched system, in ITO/PEDOT:PSS/S(TPA-‐BT) or L(TPABT)/Au
devices.17
2.1.3 Spectral absorption targets
As described in section 2.2.1, the frontier MO's and band gap for organic
electroactive materials should fall within specific ranges. By changing the conjugation
length in a system, one can adjust the absorption band gap to cover desired regions of
the solar. A donor material with an extinction coefficient as large as possible would
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facilitate this absorption and theoretically allow for higher PCE.
2.1.4 Integration of desirable small molecules into polymers
Though small molecules offer some advantages over polymeric derivatives, such as
generally higher yields and easier purification, they commonly give lower Voc and PCEs.20
π-‐Conjugated small molecules do, however, act as effective models for gathering
detailed information regarding structure-‐property relationships, which is essential in
optimizing PCE.21 Among the most common polymeric/small molecule configurations is
linear push-‐pull D-‐π-‐A-‐π-‐D, where the donor and acceptor units are separated by a π-‐
spacer. This type of trimer system can also be branched off of a conjugated backbone.15
If a good donor unit is utilized, a linear (-‐A-‐π-‐D-‐π-‐A-‐) or star-‐shaped (-‐D3-‐A-‐)
configuration can also be beneficial.
Polymerization of small molecule model units should give an increase in molar
absorptivity and a red shift in absorption due to conjugation lengthening. Extending
conjugation also leads to improved intermolecular charge mobility, assuming there are
no defects present to trap charge flow. Polymerization of the small-‐molecule units will
also increase the number of charge carriers, which positively affects conductivity. For
these reasons, my proposed work described below involves design and testing of
smaller model systems for eventual use in larger systems.
2.2. Brief introduction of specific goals of this dissertation work

11

The general goals of my research are to make conjugated systems as potential
electronic materials. The initial test systems were small molecules based on fluorenone
(Fo). Fluorenone is an electron-‐poor system, which makes it ideal as a component in for
push-‐pull oligomers.
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CHAPTER 3
CURRENT PROGRESS
3.1 D-‐A systems
3.1.1. 2-‐(1,2,3-‐trimethoxyphenyl-‐5-‐ethynyl) fluoren-‐9-‐one (TMPA-‐Fo)
Target molecule TMPA-‐Fo is a D-‐A type push-‐pull molecule with electron donating
1,2,3-‐trimethoxybenzene, bridged by the π-‐conjugated ethynyl to the electron poor
fluorenone at the 2 position. The synthesis is shown below in Scheme 1.
O
Br

CrO3

Acetic Anhydride, RT, 87%

O
Br

HC

TMS

1. Pd(PPh3)2Cl2, TEA, CuI, 50C, 63%
2. K2CO3, CH3OH, CH2Cl2, 87%
OMe
MeO

OMe

I

Pd(PPh3)2 Cl2, TEA,
THF, CuI, 50C, 23%

O

MeO

MeO

MeO

Scheme 1. Synthetic scheme of TMPA-‐Fo.

The UV-‐vis absorption of TMPA-‐Fo is shown in Figure 7; and shows absorption peaks
at 426 nm (n-‐ π* or charge transfer) and at 341 nm and 297 nm (π-‐π* transitions).
Cyclic voltammetry for TMPA-‐Fo, Figure 8, shows a reversible Ered = -‐1.319 V versus
the ferrocene redox standard. There is also a non-‐reversible Eox onset of 0.926 V. The
experimental HOMO/LUMO energy levels from CV are -‐5.73 and -‐3.47 eV, respectively,
giving Eg = -‐2.26 eV. The energy levels derived through DFT [B3LYP, 6-‐31G*] calculations
are -‐5.50 and -‐2.30 eV, giving Eg = -‐3.20 eV. Orbital pictures are shown in Figure 9. In the
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LUMO that would accept an electron in the excited state, electronic density is
concentrated in the acceptor fluorenone unit. The HOMO electron density is primarily
located in the trimethoxyphenyl unit as well as the triple bond, with some density
extending into the near side of the fluorenone unit.

10uM DCM

Abs., normalized

0.4

0.2

0.0
250

300

350

400

450

500

Wavelength, nm

Figure 7: UV-‐Vis absorption spectrum for TMPA-‐Fo 10uM in DCM.

Figure 8. CV plot for TMPA-‐Fo; reduction is the right side; voltage given versus Fc/Fc+ standard in DCM.
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Figure 9. Left: HOMO & Right: LUMO orbital for TMPA-‐Fo at a B3LYP/6-‐31G*theory level.

3.2 D-‐A-‐D systems
3.2.1 2,7-‐Bis(p-‐nitrophenyl acetylene)-‐fluorenone BNPA-‐Fo
BNPA-‐Fo was designed to test effects of electron poor nitro groups conjugated to
the core acceptor, again when bridged by the π-‐conjugated triple bond. The synthetic
scheme for D-‐A-‐D type targets is shown below.
O
Br

HC
Br

Acetic Anhydride, CrO 3, RT

Br

O

TMS

1. Pd(PPh3 )2 Cl2 , TEA, CuI,50C, 98%*
2.K2 CO3 , CH3 OH, CH2 Cl2 , 72%*

Br

O
I

O

NO2

NO 2

O2 N

Pd(PPh3 )2 Cl2 , TEA,
THF, CuI, 70C, 32%
OMe

MeO
O

MeO
MeO

I
MeO Pd(PPh3 )2 Cl2 ,

MeO

OMe

OMe

MeO

TEA, THF,
CuI, 66C, 39%

Scheme 2. Synthetic scheme for D-‐A-‐D molecules; BNPA-‐Fo and BTMPA-‐Fo.
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BNPA-‐Fo’s UV-‐vis absorption, as shown in Figure 10 & 11 below, has an absorbance
shoulder at 430 nm and maxima at 372 nm (ε=87,400), 283 nm (ε=63,100) and 229 nm
(ε=48,700), which are π-‐π* transitions. Considering both the nitrophenyl and the
fluorenone units are electron poor, it was surprising to see the possible large CT
shoulder band present; the discussion below indicates that it is not, in fact, a CT band.
Cyclic voltammetry, shown in Figure 12, shows a large reversible Ered of -‐1.173 eV-‐-‐
confirming an increased tendency to be reduced -‐-‐ but no oxidation features. The
experimental HOMO/LUMO energy levels are -‐6.02 and -‐3.55 eV, respectively, giving a
Eg of -‐2.47 eV. The energy levels obtained DFT calculations [B3LYP, 6-‐31G*] are -‐6.40
and -‐2.90 eV, giving an Eg of -‐3.5 eV. The MO density map pictures are shown in Figure
13. In the excited state, electronic density is concentrated over the fluorenone unit, with
no density on the nitrophenyl unit. The HOMO electron density is primarily located over
a fused benzene ring portion of fluorenone and over the triple bond. This seems to rule
out a CT nature for the lowest energy band in the UV-‐vis spectrum, and indicate that it is
instead a weaker π-‐ π * type band.
3.2.2 2,7-‐Bis(1,2,3-‐trimethoxy-‐5-‐acetylene benzene)-‐fluorenone (BTMPA-‐Fo)
Target molecule BTMPA-‐Fo was synthesized as described above in Scheme 2. UV-‐vis
absorption, shown below in Figures 10-‐11, was significantly higher energy (mid-‐UV
range) than its mono-‐coupled derivative with an onset at 373 nm and a maximum at 357
nm (in DCM solution). The weak absorption at 357 nm correlates to a forbidden
transition. There is also an absorption at 232 nm correlating to a π -‐π* transition.
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Figure 10. UV-‐Vis spectra of: Top right-‐ UV-‐Vis spectrum of BTMPA-‐Fo in DCM (10uM) and solid state; middle: Neckers
22

PAFO27 ; bottom: OFOPV in DCM from Lahti et al.

Neckers and coworkers synthesized a similar molecule (2,7-‐bis(phenylethynyl)-‐
fluorenone), PAFO27, however, it has lower energy absorption at ~440 nm and a high
energy maximum absorption at ~340 nm22, a red shift of 108 nm, as seen below in
Figure 10. This could be a result of the trimethoxy units causing the LUMO to be
destabilized. The high experimental ELUMO -‐2.62 eV supports this claim. The ELUMO was
obtained from the CV oxidation onset potential subtracted from the UV-‐vis determined
Eg. Absorption measurements were also conducted on solid film samples, Figure 10.
Interestingly, the shape of the solid state absorption spectrum is very similar to Necker’s
compound, but still ~88 nm blue shifted. Compared to OFOPV, which has a vinyl group
in place of BTMPA-‐Fo’s alkyne and was previously prepared and reported on by the
17

Lahti group, there is still a major blue shift in absorption of 183 nm for the onset and
119 nm for the maximum. As the only difference in the two molecules is the triple bond
vs the double bond. A possible cause is that the alkyne units limit delocalization of the
donor group conjugation to the fluorenone site. Some electron density lies over the
alkyne in the HOMO density plot and even in the LUMO it retains some electron density.
Figure 11 compares BTMPA-‐Fo, OFOPV and PAFO27 UV-‐vis characteristics.
Cyclic voltammetry, shown in Figure 12, has a strong quasi-‐reversible Eox at 1.019 V
with an onset at 0.972 V. There are two semi-‐reversible Ered. Ered1 is at -‐0.822 V with an
onset of -‐0.514 V and Ered2 is at -‐1.446 V with an onset of -‐1.343 eV. Due to the relatively
weak dedoping reductions, the stronger oxidation was used, in conjunction with UV-‐vis
absorption, to estimate the experimental frontier orbital energy levels. The resulting
values were an experimental HOMO energy of -‐5.77 eV and the LUMO energy at –2.62
eV. The energy levels derived from DFT calculations were EHOMO= -‐5.30 eV and ELUMO= -‐
2.40 eV, with orbital density diagrams shown in Figure 13.
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Figure 11. Normalized UV-‐Vis spectrum of BFA, BTMPA-‐Fo, BNPA-‐Fo and TMPA; 10uM in DCM.
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Figure 12. Right: CV plot of BNPA-‐Fo. Left: CV plot of BTMPA-‐Fo. Voltages given versus Fc/Fc+ standard in DCM.

Figure 13. DFT HOMO & LUMO at B3LYP/6-‐31G* level of theory; (top = HOMO, bottom = LUMO) MO pictures for left:
BNPA-‐Fo and right: BTMPA-‐Fo.

3.3 A≡A systems
3.3.1 1,2-‐Bis(2-‐fluorenonyl) acetylene BFA
BFA was synthesized as shown in Scheme 3 as a test unit for linkage of fluorene by
an ethynyl unit. No report of this simple system was found in the literature.
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Scheme 3. Synthetic scheme for BFA.

Its UV-‐vis spectrum, shown in Figure 14, showed maxima at 423 nm, 349 nm (ε=56,100),
289 nm (ε-‐77,700).
Cyclic voltammetry for BFA, shown in Figure 15, has a reversible Ered of -‐1.231 V.
Though not as high as BNPA-‐Fo, the reduction does show the potential for this unit to be
used as an electron acceptor. The experimental HOMO/LUMO energy levels from CV are
-‐5.98 and -‐3.49 eV, respectively, giving an Eg of -‐2.49 eV. The energy levels derived from
DFT calculations [B3LYP, 6-‐31G*] are quite different: -‐5.70 and -‐2.50 eV, giving an Eg of -‐
3.2 eV. The orbital density pictures are shown in Figure 16. In the LUMO, electronic
density is primarily concentrated on the carbonyl groups. The HOMO electron density is
primarily located on the inside fused benzene ring portion of fluorenone and over the
triple bond.
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Figure 14. UV-‐Vis absorption of BFA (10uM in DCM).

Figure 15. CV plot of BFA; reduction is the right side; voltage given versus Fc/Fc+ standard in DCM.

Figure 16. DFT HOMO/LUMO MO pictures of BFA at B3LYP/6-‐31G* level of theory.

As work progressed in the rest of the Lahti group, interest in fluorenone derivatives was
diverted, and other acceptor units became desirable. This work is described in the
following section.
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3.4 Diketopyrrolopyrrole (DPP) Systems
Diketopyrrolopyrrole (DPP), Figure 17, has been studied for several decades as a
pigment additive. Recently, it has been explored and found success in organic
applications such as OLEDs, OSCs, DSSCs and FETs due to its optoelectronic
properties.23–26
R
O

N
Ar

Ar
N

O

R

Figure 17. General structure of diketopyrrolopyrrole (DPP).

The first reported synthesis of DPP was by Farnum et al. in 197427. They were
attempting to synthesize 2-‐azetinones using the Reformatskii reaction from benzonitrile
and an alkyl ester, but instead produced trace amounts (5-‐20%) of diphenyl DPP,
Scheme 4.
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Scheme 4. Attempted synthesis of 2-‐azetineones by Farnum et al.
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Because of potential for the application of DPP’s brilliant red color as a candidate for
dyestuffs, development of the synthesis increased leading to commercial introduction of
DPP as a pigment in paints, fibers and plastics by Ciba-‐Geigy (now Ciba Specialty
Chemicals) in 1986.26 It was by then that the synthetic method was simplified to one
step reaction of a benzonitrile and a succinic acid diester, in the presence of a strong
base. This method is still preferred to date. 26,28,29
Diketopyrrolopyrrole is a bicyclic 8π electron system with two lactam units. It
exhibits interesting physical and chemical properties allowing for many applications. Its
high photostability in the solid state and brilliant pigment make it very suitable as an
additive to paints and coatings.23,30,31 The electron withdrawing nature of the DPP’s
lactam units increases the unit’s electron affinity, thus favoring its use in electronics.
Another interesting property of DPP derivatives is their high melting point (>350°C for
diphenyl-‐DPP). This is primarily due to strong intermolecular forces. DPP is mostly planar
and the intermolecular plane distance of the lactam units is only 0.336 nm, allowing
strong π-‐π interactions via overlapping.30 DPP also exhibits extremely low solubility due
to intermolecular hydrogen bonding between the neighboring lactam and carbonyl units
in the solid state.
DPP derivatives also possess a wide absorption range in the visible region with a
molar extinction coefficient of 33,000 M-‐1mol-‐1 at 503 nm and a strong
photoluminescence with maximum between 500 nm and 600 nm.28 The absorbance and
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fluorescence spectra of phenyl substituted DPP (PDPP) Figure, 18 are shown Figure
19.28,32
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Figure 18. Structure of diphenyl DPP (PDPP).

Figure 19. Left: UV/Vis absorbance of PDPP in DMSO and solid. Right: UV/Vis and fluorescence of PDPP in CDCl3.

The variety to which one can engineer DPP is quite large, further increasing its
attractiveness. The most recognized method to increase its solubility is substitution at
the lactam moiety, thus inhibiting intermolecular hydrogen bonding. This can be done
multiple ways including N-‐alkylation, arylation or acylation at the lactam.24,32 Varying
the arylnitrile precursor at the 3-‐ and 6-‐ positions can provide further versatility. Further
engineering by installing polymerizable units on the aryl moieties can provide for a large
library of functionalized DPPs. In particular, bromination, needed for subsequent
palladium-‐catalyzed coupling reactions, is easily accomplished through NBS chemistry.
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It was only natural that given DPPs physical and chemical properties, it would lend
itself to be applied to organic electronic devices. Their versatility and increased solubility
allows for solution processability. The attachment of an electron donor block to the DPP
moiety takes advantage of the electronic affinity of the moiety, creating small molecules
or polymers with potentially low band gaps; required for high performance
photovoltaics. One of the earliest examples of the use of DPP in polymers for OPVs was
by Janssen et al. in 2008, in which they developed a polymer (poly[3,6-‐bis-‐(40-‐dodecyl-‐
[2,20]bithiophenyl-‐5-‐yl)-‐2,5-‐bis-‐(2-‐ethyl-‐hexyl)-‐2,5-‐dihydropyrrolo[3,4-‐]pyrrole-‐1,4-‐
dione], (pBBTDPP2), consisting of quaterthiophene (BBT) and DPP segments, shown in
Figure 20.33
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Figure 20. Structure of (poly[3,6-‐bis-‐(40-‐dodecyl-‐[2,20]bithiophenyl-‐5-‐yl)-‐2,5-‐bis-‐(2-‐ethyl-‐hexyl)-‐2,5-‐
dihydropyrrolo[3,4-‐]pyrrole-‐1,4-‐dione], (pBBTDPP2).

They were able to obtain a PCE of 4.0% with a
ITO/PEDOT:PSS/pBBTDPP2:PC70BM/LiF/Al cell with a DPP polymer:PCBM ratio of 1:2.
The photoactive-‐layer thickness was in the range between 100-‐120 nm. In a recent work
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by Yang et al., a low band-‐gap polymer (poly{2,6-‐4,8-‐di(5-‐ethylhexylthienyl)benzo[1,2-‐
b;3,4-‐b]dithiophene-‐alt-‐5-‐dibutyloctyl-‐3,6-‐bis(5-‐bromothiophen-‐2-‐yl)pyrrolo[3,4-‐
c]pyrrole-‐1,4-‐dione) (PBDTT-‐DPP) was developed, Figure 21.34,35
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Figure 21. Structure of (poly{2,6-‐4,8-‐di(5-‐ethylhexylthienyl)benzo[1,2-‐b;3,4-‐b]dithiophene-‐alt-‐5-‐dibutyloctyl-‐3,6-‐bis(5-‐
bromothiophen-‐2-‐yl)pyrrolo[3,4-‐c]pyrrole-‐1,4-‐dione) (PBDTT-‐DPP).

Using this polymer in a single layer device with a polymer:PC71BM ratio of 1:2, they were
able to achieve an average PCE of up to 6.5% (90% of 300 samples were above 6.0%).
Other figures of merit were VOC ≈ 0.74V, JSC ≈ 13.5 mA cm2, and FF ≈ 65%. Due to
complimentary absorption of tandem cells, they generally preform better than their
single-‐cell analogs. As expected, Yang’s tandem cell comprised of P3HT: IC60BA (indene-‐
C60 bisadduct) as the front cell and PBDTT-‐DPP:PC71BM as the back cell, produced an
NREL certified PCE of 8.6%.35
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The use of small molecules in OPVs is limited due to lower efficiencies as a result of
relatively shortened conjugation length. They do, however, have some advantages over
polymeric systems such as relative ease of synthesis and purification, as well as
increased solubility. DPP has been explored in many D-‐A systems. Recent incorporation
of DPP as a small molecule in OPV systems includes work done by Janssen et al.36 They
developed a D-‐A-‐π-‐A-‐D bis-‐DPP system, in which DPP moieties are separated by an
aromatic conjugated pi-‐bridge terthiophene oligomer. The system was end-‐capped with
benzothiophene or benzofuran donors, Figure 22. The motivation for using a bis-‐DPP
system allowed for the extension of the planar aromatic p-‐bridges to improve charge
mobility over a simple mono DPP system. Using the ITO/PEDOT:PSS/BT-‐
TDPP:PC70BM/LiF/Al system, they were able to obtain an efficiency of 4.6%, with a 1.51
eV Eg(film). Another aspect of this study was solvent effect on performance. They found
that the commonly added 1,8-‐diiodooctane (DIO) as a processing additive, in fact
lowered device performance. They felt this was because the DIO contributed to surface
roughness, coinciding with lower Jsc, thereby lowering the PCE for these particular
systems.
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Figure 22. Structure of 2-‐(thiophen-‐2-‐yl)-‐benzo[b]thiophene-‐bis-‐( 3,6-‐bis(5-‐bromo-‐2-‐thienyl)-‐2,5-‐dihydro-‐2,5-‐di(20-‐
ethylhexyl)-‐pyrrolo-‐[3,4-‐c]pyrrolo-‐1,4-‐dione), (BT-‐TDPP) from Janssen et al.

Two different studies by Zhan and by Stupp exemplify the versatility in working with
small molecule motifs, in particular, the A-‐D-‐A design. Following that design scheme,
Zhan and coworkers developed a push-‐pull molecule (BDT-‐2DPP) featuring a
benzo[1,2b:4,5bʹ′]dithiophene (BDT) moiety as the donor in the center and two
dithiophene-‐DPP (TDPP) units on each side as the acceptors, Figure 23.37 Their device of
the structure ITO/PEDOT:PSS/BDT-‐2DPP:PC61BM/Ca/Al achieved an exceptionally high
efficiency of 5.79% (1:1 BDT-‐2DPP:PC61BM ratio). As expected with most BDT and DPP
incorporated systems, it shows excellent solution processability, high ε (1.25 x 105 M-‐
1

cm−1 at 620 nm) and narrow optical band gap (1.65 eV).
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Figure 23. Structure of Zhan’s benzo[1,2b:4,5bʹ′]dithiophene bis-‐(dithiophene-‐DPP), (BDT-‐2DPP).

The choice of aryl group attached to 3-‐ and 6-‐ positions of the DPP core can
drastically change the molecule’s (or polymer’s) properties. Though thiophene has been
the aryl group seen most often in the literature, many researchers24,29,36,38 are seeing
the advantages of the use of furan. Furan derivatives can often be derived from natural
resources29 and have a higher oxidation potential. Furans have comparable band-‐gap
with thiophene-‐based systems, however they are less aromatic, which enables the
formation of a quinoidal-‐like structure, thus stabilizing the HOMO level. The solubility
has also been shown to be greater for furan-‐based polymers than their thiophene
analogs,

36,38

. Furonitrile, the precursor of the 3,6-‐difuranodiketopyrrolopyrrole (FDPP),

can be made from 2-‐furaldehyde (furfural). Furaldehyde is a renewable green product
made from agricultural byproducts, allowing possible inexpensive large-‐scale synthesis
of furonitrile.
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In a recent study by Jeffries-‐EL and coworkers, they developed a series of new D-‐A
copolymers composed of benzodifuran (BDF) and a donor and either difuran-‐DPP (FDPP)
or dithiophene-‐DPP (TDPP), to compare the influence of the furan units on polymeric
performance Figure 24.38 The furan derivative polymers had higher molecular weights
due to higher solubility but the electrochemical and absorption/emission data was
comparable to the thiophene analogs. Device performance was evaluated using the
configuration of ITO/PEDOT:PSS/polymer:PC71BM (1:2, w/w)/LiF/Al with 3%
chloronaphthalene (CN) used as a solvent additive. Both polymers incorporating furan
had a marked increase in PCE over the thiophene analogs. The group attributes this
greater solubility leading to higher molecular weights of the polymers. Though P1 has
higher molecular weight due to the branched side chain, P2 with linear side chains,
exhibited higher PCE. The use of CN brought the PCE of P1 closer to that of P2, as shown
in Table 2.38
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Figure 24. Structure of Jeffries-‐EL poly(benzodifuran dithienyl difuran(or dithiophene)-‐DPP). P1: X=O, R=2-‐ethylhexyl;
P2: X=O, R=n-‐C14H29; P3: X=S, R=2-‐ethylhexyl; P4: X=S, R=n-‐C14H29.

Polymer
P1
P2
P3
P4

Additive
None
3% CN
None
3% CN
None
3% CN
None

JSC (mA cm-‐2)
-‐5.1
-‐7.0
-‐7.0
-‐7.7
-‐6.7
-‐7.4
-‐4.2

Voc (V)
0.70
0.69
0.66
0.65
0.67
0.66
0.59

FF
0.63
0.60
0.60
0.57
0.47
0.47
0.39

PCE (%)
2.28
2.89
2.77
2.82
2.10
2.28
0.97

Table 2. Jeffries P1-‐P4 DPP figures of merit for device performance.

Diketopyrrolopyrroles are known to have high solubility, high electron affinity, wide
absorption range, narrow band gaps and thermal stability, making them very attractive
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electron donors in OSCs. It is the intent of this work to study the properties both
thiophene and furan-‐based DPP small molecules in push-‐pull systems as models for the
polymeric analogs for OSC application.
3.4.1 DPP Discussion
For the synthesis of thiophene based DPP, the widely used method described in
Scheme 5 was attempted.29,35 In this scheme, the sodium t-‐amylate is formed in situ
from sodium metal and t-‐amyl alcohol.
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Scheme 5. Synthesis of thiophene-‐DPP (TDPP).

This method did not produce the desired product. Fearing the solvent was degraded,
distillation of the t-‐amyl alcohol afforded fresh solvent. Using the same conditions,
again, the reaction failed. With possibility of the sodium amylate not forming in
solution, several bases were tried without success. Microwave irradiation using KOtBu
was then attempted with successful formation of the product. Presence of the DPP
product is very noticeable as the reaction mixture begins beige in color and turns to
deep purple at reaction completion. Isolation proved very simple as the product was a
purple solid and insoluble in water and all starting material was liquid or, in the case of
the base, soluble in water. Using a carbonate base in the microwave procedure
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produces too much pressure due to CO2 production, before the reaction has time to
proceed. For this reason, KOtBu was preferred.
Following successful isolation and purification, N-‐alkylation was the necessary next
step for solubility reasons described above. Following Scheme 625,30, no product was
isolated using conditions shown in Table 3, entries 1-‐5. Several linear and branched
bromo-‐alkyl groups were attempted as well varying the base. Microwave synthesis was
also attempted for each base with no success. The only conditions that produced the
expected product were n-‐bromodecane and KOtBu as the base to avoid CO2 production
in the microwave. To aid in the base solubility in solution, 18-‐Crown-‐6 was added to act
as a counter-‐ion trap.
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Scheme 6. Typical N-‐alkylation of DPP.

1
2
3
4
5
6

solvent
DMF
DMF
DMF
THF
THF
DMF

base
Cs2CO3
Cs2CO3
Cs2CO3
Cs2CO3
tBuOK
tBuOK

Br-‐alkyl
ethyl hexyl
n-‐octyl
ethyl hexyl
decane
decane
decane

T (°C)
120
120
150
60
60
100

t (h)
24h
24h
3h
24h
3h
48h

Microwave
300W
300W

Yield (%)
No product
No product
No product
No product
No product
23

Table 3. DPP N-‐alkylation experimental conditions.

As with the production of the TDPP core, the alkylated reaction mixture does show a
distinct color change from deep blue to bright red after several hours of heating. For the
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alkylation reactions that did not produce the expected product, no color change was
observed. Post-‐workup, there were several unexpected products observed by thin layer
chromatography. Zhao and coworkers found that the alkylation of TDPP with 2-‐
ethylhexyl bromide in the presence of base, produced 2 to 3 isomers, as shown in
Scheme 7.39 They suggest alkylation takes place at both lactam nitrogens, one nitrogen
and one carbonyl oxygen, and at both carbonyls. They further suggest the reaction
temperature and type (linear length or branched) of alkylbromide used influences the
yield of each isomer.
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Scheme 7. Three expected isomers from DPP N-‐alkylation from Zhao et al.

To allow for subsequent C-‐C coupling of a donor at the thiophene, bromination can
be carried out. Fortunately, NBS bromination of thiophene is selective at the 2-‐position,
allowing for a straightforward reaction. Although, iodine can be used as well, as a
functional group at that position, bromine’s selectivity and ease makes it the most
commonly used group. Chlorine cannot be used because it is not as good a leaving
group.
To support the possible large-‐scale synthesis of the furan-‐DPP (FDPP) derivative, the
low-‐cost furaldehyde would be converted to the furonitrile. Aspinall et al. suggest the
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synthetic route to arylnitrile from the aldehyde goes through the oxime, as shown in
Scheme 8.40
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Scheme 8. Synthesis of arylnitrile from aldehyde.

Several attempts at the furonitrile, which included changing the solvent to other polar
solvents such as ethanol and methanol, proved unsuccessful. Addition of a base such as
pyridine was also attempted without success. Increasing the temperature up to 105°C,
as well as utilization of a Dean-‐Stark trap to keep any evolving water out of the reaction,
did produce the desired product only once. The furonitrile was not light stable, as it
decomposed over one day of sitting on the bench-‐top. This sensitivity was confirmed by
Aspinall’s work.
Given the ease and relative purity of the product from the TDPP microwave
procedure, the same methodology was applied to synthesizing FDPP from furonitrile
(commercial). The same conditions were applied and freshly purchased t-‐amyl alcohol
was used. As with the TDPP synthesis, a color change was observed after the FDPP
reaction from dark grey to dark and brilliant red. Interestingly, the yield of the FDPP was
significantly more than that of TDPP, 62.4% compared to 40.3%.
After alkylation and bromination of each DPP, the next planned step was covalently
installing the ethynyl linker on each aryl side, followed by Sonogashira coupling of the
donor. The donor attempted was a triarylamine, 4-‐Bromo-‐N,N-‐bis(4-‐
methoxyphenyl)aniline (BBMPA). Triarylamines are compounds often used as hole-‐
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transporting materials. Triphenylamines have been used in 3D systems due to the
phenyl rings forcing a non-‐coplanarity structure. Di-‐ or triarylamines have been used as
donors in OSCs because of strong electron donating capability, their simplistic synthesis,
as well as their ability to form star shaped push-‐pull systems.41,42 The synthetic route for
BBMPA followed Buchwald-‐Hartwig conditions of hexoxy p-‐iodobenzene and p-‐
bromoaniline. The expected triarylamine was produced, however, it was unstable in air
as decomposition occurred in two days turning the yellow oil product to grey/dark
brown in color. The diarylamine, (bis(4-‐methoxyphenyl)amine), was stable and isolated
in good yield, however, upon reiteration of Buchwald-‐Hartwig conditions for the
triarylamine, the resulting product was decomposed as well. Sonogashira coupling of
TMS-‐acetylene to the freshly produced triarylamine was attempted before
decomposition occurred without success. No further attempts at other triarylamines
have been made.
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CHAPTER 4
EXPERIMENTAL
Synthetic procedures
General Procedure for Fluorene Oxidation
To a three-‐necked round-‐bottom flask, a flourene derivative (20 mmol) was added to
enough acetic anhydride to be dissolved and stirred at r.t. for 10 minutes. CrO3 (50
mmol) was slowly added to the mixture. After reacting overnight at r.t., the mixture was
poured into cold water (~1L), which was acidified with ~10 drops conc. HCl. The
precipitate was collected and washed with ample water and allowed to dry thoroughly.
Recrystallization in hot ethanol afforded a pure product.
General Procedure for Sonogashira Coupling
Into a dry three-‐necked round-‐bottom flask, an aryl halide (ArX) was combined with
Pd(PPh3)2Cl2 (0.02 mmol) and CuI (0.02 mmol) and purged with N2. Dry TEA was syringed
into the RB and the reaction was stirred at r.t. for 15 minutes. The mono-‐substituted
alkyne (R─C≡C─H, where R is typically trimethylsilane) was slowly syringed into the
reaction mixture. A darker color change was observed after several minutes following
the addition of trimethylsilanylacetylene (TMSA). The reaction mixture was reacted
under N2 at 45-‐50°C for approximately 12 hours or overnight. The following day, the
reaction mixture was cooled to r.t., diluted with toluene and filtered through a Celite
plug, washing with more toluene. The mixture was concentrated via rotary evaporation,
washed with brine, extracted with ethyl acetate and dried over MgSO4. If the crude
material was impure, recrystallization in either hot ethanol or acetone/H2O resulted in
an often yellowish product. FT-‐IR confirmed the presence of C≡C near 2140 cm-‐1.
General Procedures for TMS Deprotection
Into a round-‐bottom flask, a TMS protected molecule (TMS─C≡C─R) (0.4 mmol) was
added and enough DCM was added to dissolve the material (2%; 3 mL). K2CO3 (0.8
mmol) was then added to the RB, along with equi-‐volume of methanol. The reaction
mixture was stirred overnight at r.t. The reaction mixture was washed in brine,
extracted in ethyl acetate or dichloromethane and dried over MgSO4. 1H NMR should
confirm the appearance of (C≡C─H) at ~3.2 ppm and disappearance of (-‐Si (CH3)3) at
~0.20 ppm.
General Procedure for Decarbonylation of 9,10-‐Phenanthraquinone Derivative
To a three-‐necked round-‐bottom flask, KOH (7.098 mmol) is added and dissolved in
sufficient volume of H2O and heated to 130°C. Phenanthraquinone derivative (0.546
mmol) was then suspended in the basic mixture, while continuing heat and stirring for
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30 minutes. The reaction mixture should turn viscous and darker in color. KMnO4 was
slowly and carefully added to the mixture over 2h, while continuing heat and stirring.
Once all the KMnO4 was added, the reaction mixture was allowed to react for an
additional hour at 130°C. After the hour, the mixture was cooled to r.t. and neutralized
with several drops of conc. H2SO4. To the slightly acidic solution, sodium bisulfate was
slowly added to remove KMnO4, until the solution turns from purple to pale yellow in
color. The precipitates were then filtered, washed liberally with cold water and
thoroughly dried. If the crude material is impure, recrystallization in hot absolute
ethanol may be necessary. Hot hexanes or methanol will work as well.
General Microwave Procedure for Formation of Diketopyrrolopyrrole (DPP)
To a dried 30 mL reaction vessel with a small stir bar, KOtBu (20.34 mmol, 1.2 eq.) and a
small 18-‐Crown-‐6 crystal was added. The vessel was covered with a septum and flushed
with N2. Tert-‐amyl alcholol (20 mL) was syringed in. Allow the base to be completely
dissolved before the next step. It may be necessary to stir several minutes or even
sonicate the mixture. The arylnitrile (16.95 mmol, 1 eq.) was syringed in while stirring.
Dimethylsuccinate (8.48 mmol, 0.5 eq.) was then syringed in while stirring. The septum
was quickly removed and replaced by the vessel cap. The vessel was placed in the
microwave and reacted at 100°C for 2h at 300W. The reaction mixture (dark purple in
color) was cooled to rt and poured in excess ice-‐cold water with a few drops of glacial
acetic acid and stirred for 10 minutes. The product was filtered and washed with more
cold water. The cake was dried, rewashed with toluene and refiltered to achieve the
dark purple static powder product requiring no further purification.
General Procedure for DPP alkylation
To a dried 250 mL 3-‐neck RB flask fitted with a stir bar and a condensor, DPP (6.62
mmol, 1 eq.) and KOtBu base (19.87 mmol, 3 eq.) was added and flushed with N2. Dry
DMF (100 mL) was syringed in the RB and the reaction mixture was stirred at 100°C for
3h. The alkylbromide was then slowly syringed into the mixture and heating is continued
for 48 hours. After a couple of hours of heating after the alkylbromide addition, a
noticeable color change of the solution does occur from blue to violet. The reaction was
then cooled to rt and poured in excess (~1L) ice cold water and stirred for ~10 mintues.
The mixture was solid product was filtered and rinsed with excess cold water. The cake
was dried then washed with toluene and refiltered. Silica column chromatography
(100% chloroform) afforded the product in moderate to low yield.
General Procedure for DPP bromination
To a 100 mL 3-‐neck RB flask fitted with a stir bar, DPP (0.947 mmol, 1 eq.) and NBS
(1.931 mmol, 2.04 eq.) was added and flushed with N2. Chloroform (50 mL) was syringed
in. The flask was completely covered aluminum foil and the hood light turned off to
protect form light. The reaction mixture was stirred for 2 days then poured into excess
methanol. The resulting solids were filtered and recrystallized with hot methanol.
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2-‐bromofluorenone
O

Br

Prepared using the general procedure for fluorene oxidation above using 2-‐
bromofluorene (5.021 g; 20.40 mmol), 200 mL acetic anhydride and CrO3 (5.10 g; 51
mmol). Recrystallization in hot ethanol afforded a bright yellow powder (4.630 g; 87%
yield). 1H NMR (CDCl3, 400 MHz): δ (ppm) = 7.31 (s, 1H), 7.40-‐7.42 (d, 1H), 7.51-‐7.52 (d,
2H), 7.61-‐7.63 (dd, 1H), 7.66-‐7.68 (d, 1H), 7.77 (d, 1H).
4-‐trimethylsilanylacetylene-‐aniline
H2N

TMS

Prepared using the general Sonogashira procedure above using p-‐iodoaniline (2.190 g;
10 mmol), Pd(PPh3)2Cl2 (0.1404 g; 0.2 mmol), TMSA (1.85 mL; 13 mmol), CuI (9.523 mg;
0.05 mmol), triethylamine (~17 mL). The purified product was obtained via silica column
chromatography eluding with ethyl acetate/hexane (3:10). The first band was discarded
as the second yellow band was confirmed to be the product (1.358 g; 72% yield). 1H
NMR ((CD3)2CO, 300 MHz): δ (ppm) = 0.22 (d, 9H), 3.72 (s, 2H), 6.56-‐6.58 (dd, 2H), 7.28-‐
7.29 (dd, 2H). MP = 89-‐92°C
p-‐(iodophenylethynyl)-‐trimethylsilane
I

TMS

A dry three-‐necked round-‐bottom flask was placed in a dry ice/acetone bath (~ -‐20°C)
and fitted with an addition funnel. The apparatus was purged with nitrogen. BF3·∙OEt2
(3.50 mL; 27.6 mmol) was added to the RB, via syringe, along with approximately 4 mL
dry ether. A solution of 4-‐trimethylsilanylacetylene-‐aniline (3.029 g; 16 mmol) and ~3
mL dry ether is prepared and syringed in the funnel. After dripping the aniline solution
into the RB over about 5 minutes a new solution of t-‐BuONO and dry ether is added to
the addition funnel and dripped into the funnel over 30 minutes. After all the addition is
complete, the reaction was allowed to react for an additional 30 minutes, while allowing
the temperature to rise to ~5°C. The solution mixture should turn an orange color. An
additional 5 mL ether was added and the reaction was allowed to rise in temperature to
by stirring the RB over an ice bath for ~15 minutes. The intermediate diazonium salts
were collected and washed under vacuum filtration. The product was thoroughly dried.
The intermediate product was then dissolved in acetonitrile. A solution of I2 (0.1751 g;
0.69 mmol) and NaI (1.138 g; 7.59 mmol) in acetonitrile was prepared and placed in a
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separate RB. The diazonium solution previously prepared was added to the iodine
solution drop wise via cannula, while stirring. After stirring at r.t for 1h, the reaction was
quenched with ~ 50 mL 2M Na2S2O3 (aq) solution. The mixture was stirred for ~5-‐10
minutes. The mixture was washed with brine and extracted with DCM several times. The
organic layer was dried over MgSO4. The crude product does crystallize upon
concentration to about 2 mL. The purified product was recovered by dissolving the
crude in acetone and dropping in cold water. (2.409 g; 50% yield). 1H NMR ((CD3)2CO,
300 MHz): δ (ppm) = 0.24 (d, 9H), 7.18 (d, 2H), 7.63(d, 2H). MP = 65-‐67°C
1-‐Ethynyl-‐4-‐phenylethynyl-‐benzene
H

Preparation of the TMS protected analog was preformed first as per the general
Sonogashira coupling procedures above using p-‐(iodophenylethynyl)-‐trimethylsilane as
the aryl halide (1.201 g; 4 mmol), phenylacetylene as the mono-‐substituted alkyne
(0.967 mL; 8.8 mmol), CuI (0.0287 g; 0.08 mmol), Pd(PPh3)2Cl2 (0.0552 g; 0.08 mmol).
Product comes out as a broad yellow band in column chromatography eluding with
DCM:hexanes (2:10); (0.8426 g; 77% yield). No further purification was preformed. 1H
NMR ((CD3)2CO, 300 MHz): δ (ppm) = 0.24 (d, 9H), 7.42 (m, 1H), 7.44-‐7.48 (m, 2H), 7.50-‐
7.54 (m, 2H), 7.56-‐7.59 (m, 2H), 7.60 (m, 2H).
Deprotection of the TMS derivative of 1-‐Ethynyl-‐4-‐phenylethynyl-‐benzene was
preformed as per the general deprotection procedure above, using (0.828 g; 3.02 mmol)
of the protected material, K2CO3 (0.835 g; 6.04 mmol), DCM and methanol (25 mL each).
The mixture darkened in color after several minutes stirring. Orange, sweet-‐smelling
product required no further purification past aqueous workup, as no TMS was present
in the NMR (0.6757 g; 82% yield). 1H NMR ((CD3)2CO, 300 MHz): δ (ppm) = 3.81 (s, 1H),
7.41-‐7.44 (m, 1H), 7.45-‐7.48 (m, 2H), 7.51-‐7.52 (m, 2H), 7.53-‐7.58 (m, 2H), 7.60 (m, 2H).
Bis-‐(1,4-‐phenylethynyl)-‐phenylacetylene
H

Prepared using a general iterative process of the previous molecule using the general
Sonogashira and deprotection procedures above. 1-‐Ethynyl-‐4-‐phenylethynyl-‐benzene
(0.352 g; 1.731 mmol); p-‐(iodophenylethynyl)-‐trimethylsilane (1.247 g; 3.461 mmol); CuI
(9.2 mg; 0.049 mmol), Pd(PPh3)2Cl2 (0.0244 g; 0.035 mmol), TEA (100 mL). The protected
product was eluded from silica chromatography column using DCM:hexanes (2:10) as
broad yellow band (0.496 g; 76% yield). 1H NMR was inconclusive, however, it did show
a loss of the acetylenic proton at 3.18 ppm, providing evidence that the reaction went
to. Proceeded to the deprotection step.
Deprotection using the general deprotection procedure above using (0.490 g; 3.02
mmol) of the protected material, K2CO3 (0.362 g; 2.62 mmol), DCM and methanol (15
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mL each). Following work-‐up as described above, the product came out as yellow
powder. (0.0257 g; 6.4%). 1H NMR (CDCl3, 400 MHz): δ (ppm) = 3.19 (s, 1H), 7.36-‐7.39
(m, 5H), 7.49-‐7.52 (d, 4H), 7.54-‐7.56 (d, 4H)
2-‐acetylene-‐fluorenone
H

O

The TMS protected molecule was prepared using general Sonogashira coupling
procedure using 2-‐bromofluorene (1.995 g; 7.7 mmol), TMSA (1.6 mL; 11.24 mmol), CuI
(0.0153 g; 0.08 mmol), Pd(PPh3)2Cl2 (0.108 g; 0.154 mmol), TEA (100 mL). The crude
product was washed in brine and extracted in DCM. The organic layer was dried on
MgSO4 and concentrated. Then the crude product was purified via column
chromatography, eluding in ethyl acetate:hexanes (2:10) giving a yellow powder, (1.349
g; 63%). FT-‐IR (ATR, cm-‐1): 2148 (─C≡C─TMS). 1H NMR ((CD3)2CO, 400 MHz): δ (ppm) =
0.20 (s, 9H), 7.40-‐7.44 (td, 1H), 7.60-‐7.68 (m, 2H), 7.70-‐7.72 (d, 1H), 7.77-‐7.79 (m, 2H),
7.80 (d, 1H).
Deprotection of above molecule was prepared using the general deprotection
procedure above, using (1.129 g; 4.08 mmol) of the protected material, K2CO3 (1.129 g;
8.17 mmol), DCM/CH3OH (25 mL each). After aqueous workup in DCM, the crude
product was purified via column chromatography, eluding in ethyl aceteate:hexanes
(2:10) as the first spot, giving a yellow powder, (0.722 g; 87%). The FT-‐IR peak near 2148
cm-‐1(─C≡C─TMS) has disappeared, indicating a mono-‐substituted alkyne. 1H NMR
((CD3)2CO, 300 MHz): δ (ppm) = 3.84 (s, 1H), 7.42-‐7.47 (td, 1H), 7.63-‐7.68 (m, 3H), 7.71-‐
7.74 (m, 1H), 7.80-‐7.83 (m, 2H).
2,7-‐diacetylene-‐fluorenone
O

H

H

The TMS protected molecule was prepared using the general Sonogashira coupling
procedure using 2,7-‐dibromofluorene* (0.676 g; 2.0 mmol), TMSA (0.740 mL; 5.2 mmol),
CuI (0.018 g; 0.04 mmol), Pd(PPh3)2Cl2 (0.0281 g; 0.04 mmol), TEA (50 mL). The crude
product was washed in brine and extracted in DCM. No further purification was needed
for the yellow powder product. (0.734 g; 98%†). FT-‐IR (ATR, cm-‐1): 2154 (─C≡C─TMS). 1H
NMR ((CD3)2CO, 300 MHz): δ (ppm) = 0.24 (m, 9H), 7.60-‐7.44 (m, 2H), 7.69-‐7.72 (m, 2H),
7.76-‐7.83 (m, 2H).
*. 2,7-‐dibromofluorene was obtained from group
member, but NMR confirmed identity.
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Deprotection of above molecule was prepared using the general deprotection
procedure above, using (0.738 g; 1.97 mmol) of the protected material, K2CO3 (0.544 g;
3.94 mmol), DCM/CH3OH (20 mL each). Following the aqueous workup in ethyl acetate,
recrystallization via hot filtration of hexanes (or heptanes) afforded orange needles
(0.322 g; 72%†). The FT-‐IR peak near 2154 cm-‐1( ─C≡C─TMS) has disappeared, indicating
monosubstituted alkynes. 1H NMR ((CD3)2CO, 300 MHz): δ (ppm) = 3.19 (s, 2H), 7.49-‐
7.51 (d, 2H), 7.62-‐7.65 (dd, 2H), 7.78 (s, 2H).
†. Crude protected material was not completely dry before proceeding with
deprotection, therefore, percent yield was artificially elevated.
1,2-‐bis(2-‐fluorenone)-‐acetylene
O

O

Prepared using the general Sonogashira coupling procedure using 2-‐bromofluorenone
(0.260 g; 1.0 mmol), 2-‐ethynylfluorenone (0.266; 1.3 mmol), CuI (7.8 mg; 0.04 mmol),
Pd(PPh3)2Cl2 (0.014 g; 0.02 mmol), TEA (50 mL), dry THF (50 mL). The reaction was
allowed to reflux for 3 days, after which, it was filtered, washed with toluene and
concentrated. The crude product was purified by silica chromatography, eluding as the
second broad spot in ethyl acetate:hexanes (2:1). Further purification was necessary, so
the still impure material was dissolved in minimal acetone and slowly dropped in excess
cold DI water. The resulting pure precipitate was collected via vacuum filtration and
dried (0.183 g; 56%). There was no acetylenic proton present in the NMR, verifying no 2-‐
ethynylfluorenone remaining. The pure product has low solubility in most solvents
except DCM. 1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.33-‐7.39 (m, 2H), 7.52-‐7.59 (m, 6H),
7.63-‐7.68 (t, 2H), 7.70-‐7.73 (m, 2H), 7.83 (dd, 2H).
2,7-‐bis(trimethoxyphenylacetylene)-‐fluorenone
O
O

O
O

O
O
O

Prepared using the general Sonogashira coupling procedure using 2,7-‐diacetylene-‐
fluorenone (1.027 g; 4.5 mmol), 3,4,5-‐trimethoxy-‐1-‐bromobenzene (2.557 g; 10.35
mmol), (CuI (17.41 mg; 0.09 mmol), Pd(PPh3)2Cl2 (63.71 mg; 0.09 mmol), TEA (60 mL),
dry THF (40 mL). The reaction was refluxed at 66°C overnight. Recrystallization of the
crude product in hot hexanes afforded the pale yellow product. (0.9744 g; 39% yield). 1H
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NMR (CDCl3, 400 MHz): δ (ppm) = 3.90 (m, 18H), 6.79 (m, 4H), 7.53-‐7.55 (d, 2H), 7.66-‐
7.68 (dd, 2H), 7.82 (s, 2H). LR-‐MS, (EI, m/z): 370 (100%), 560 (M+, 24).
2-‐(trimethoxyphenylacetylene)-‐fluorenone
O
O
O

O

Prepared using the general Sonogashira coupling procedure using 2-‐acetylene-‐
fluorenone (0.704 g; 3.45 mmol), 3,4,5-‐trimethoxy-‐1-‐iodobenzene (1.114 g; 3.79 mmol),
(CuI (13.22 mg; 0.069 mmol), Pd(PPh3)2Cl2 (48.36 mg; 0.069 mmol), TEA (50 mL), dry THF
(75 mL). The reaction was refluxed at 70°C overnight. Purification via column
chromatography eluding with DCM:hexanes (1:1) gave product. Further purification was
necessary, therefore, recrystallization of the still impure product in hot hexanes
afforded yellow needles. (0.292 g; 23% yield). 1H NMR ((CD3)2CO, 400 MHz): δ (ppm) =
3.76-‐3.87 (d, 9H), 6.89 (s, 2H), 7.41-‐7.44 (t, 1H), 7.62-‐7.67 (m, 1H), 7.69 (m, 1H), 7.72-‐
7.74 (dd, 1H), 7.79-‐7.80 (d, 1H), 7.81-‐7.82 (d, 1H). LRMS (EI, m/z): 370 (100%), 371 (M+,
33).
2,7-‐bis(4-‐nitro-‐phenylacetylene)-‐fluorenone
O2N

NO2
O

Prepared using the general Sonogashira coupling procedure using 2,7-‐(diacetylene)-‐
fluorenone (0.299 g; 1.3 mmol), p-‐iodo-‐nitrobenzene (0.767 g; 3.08 mmol), CuI (16.1
mg; 0.085 mmol), Pd(PPh3)2Cl2 (49.8 mg; 0.071 mmol), TEA (100 mL). The reaction was
allowed to react for three days at 75°C. Orange powder product crystallized from hot
ethanol (0.198 g; 32% yield). 1H NMR ((CD3)2CO, 300 MHz): δ (ppm) = 7.61-‐7.64 (m, 2H),
7.70-‐7.77 (m, 6H), 7.89 (s, 2H), 8.26-‐8.29 (d, 4H). MS (EI, m/z): 57 (94%), 302 (100), 374
(42), 470 (30), 471 (M+, 10).
3,6-‐dibromo-‐9,10-‐phenanthraquinone

42

O

O

Br

Br

9,10-‐phenanthraquinone (2.082 g; 10 mmol) and benzoyl peroxide (0.121 g; 0.5 mmol)
was added to a round bottomed-‐ flask and dissolved in ~15 mL nitrobenzene. The
solution was heated to 110°C while stirring. Br2 (1.5-‐2.0 mL; 25 mmol) was added to an
addition funnel and slowly dripped into the reaction mixture, while exposing the vessel
to light. A simple desktop lamp is sufficient. The mixture was refluxed at 110°C for
another 2h, then cooled to r.t. The cooled reaction mixture was poured in ~100 mL cold
methanol and resulting ppt was filtered. Recrystallization in minimal fresh hot
nitrobenzene afforded the product as yellow-‐orange needles (3.249 g; 89% yield). 1H
NMR (CDCl3, 300 MHz): δ (ppm) = 7.81-‐7.84 (dd, 2H), 8.04-‐8.07 (d, 2H), 8.64 (d, 2H).
3,6-‐dibromo-‐fluorenone
O

Br
Br

Prepared using the general decarbonylation procedure above using 3,6-‐dibr-‐9,10-‐
phenanthraquinone (3.00 g; 8.20 mmol), KOH (5.979 g; 106.56 mmol), KMnO4 (6.866 g;
43.44 mmol). Recrystallization from hot absolute ethanol afforded the product as a
yellow powder (1.864 g; 67% yield). 1H NMR (CDCl3, 300 MHz): δ (ppm) = 7.50-‐7.58 (m,
2H), 7.67-‐7.71 (m, 2H), 8.08-‐8.14 (m, 2H).
3,6-‐Bis(thien-‐2-‐yl)-‐2,5-‐dihydropyrrolo[3,4-‐c]pyrrolo-‐1,4-‐dione (TDPP)
H
O

N
S

S

N

O

H

Prepared using the general method to for DPP formation. 2-‐thiophencarbonitrile (1.850
g, 16.953 mmol), KtBuO (2.282 g, 20.34 mmol), dimethylsuccinate (1.239 g, 1.050 mL,
0.8475 mmol). (1.1086 g; 40.3% yield) 1H NMR (DMSO d6, 400 MHz): δ (ppm) = 11.25 (s,
2H), 8.21 (s, 2H), 7.96 (d, 2H), 7.31 (d, 2H), m.p.: >260°C.
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3,6-‐Bis(furan-‐2-‐yl)-‐2,5-‐dihydropyrrolo[3,4-‐c]pyrrolo-‐1,4-‐dione (FDPP)
H

O

N

O

O

N
O

H

Prepared using the general method to for DPP formation. Furonitrile (3.0 g, 2.824 mL,
32.229 mmol), KtBuO (4.340 g, 38.675 mmol), dimethylsuccinate (2.355 g, 2.108 mL,
16.115 mmol), 20 mL t-‐amyl alcohol. (2.699 g, 62.4% yield) 1H NMR (DMSO, 400 MHz): δ
(ppm) = 11.16 (m, 2H), 8.04 (d, 2H), 7.67 (d, 2H), 6.84 (dd, 2H), m.p.: >260°C.
3,6-‐Bis(thien-‐2-‐yl)-‐2,5-‐bis(decyl)pyrrolo[3,4-‐c]pyrrolo-‐1,4-‐dione (TDPPC10)
S
O

N
N

O
S

Prepared using the general method to for DPP alkylation. FDPP (1.999 g, 6.625 mmol),
KtBuO (2.230 g, 19.873 mmol), n-‐bromodecane (3.663 g; 3.440 mL, 16.561 mmol). Silica
chromatography yielded a light red powder (0.8879 g, 23% yield). 1H NMR (CDCl3, 400
MHz): δ (ppm) = 8.95 (d, 2H), 7.66 (d, 2H), 7.30 (m, 2H), 4.09 (d, 4H), 1.25-‐1.57 (m, 34H),
0.89 (t, 8H), m.p.: 132-‐138°C.
3,6-‐Bis(5-‐bromothien-‐2-‐yl)-‐2,5-‐dihydropyrrolo[3,4-‐c]pyrrolo-‐1,4-‐dione (BrTDPPC10)
Br
S
O

N
N

O
S
Br

Prepared using the general method to for DPP alkylation. TDPPC10 (0.550 g, 0.9468
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mmol), NBS (0.3438 g, 1.931 mmol), 15 mL CHCl3. Recrystallization from hot methanol
afforded the product (0.5989g, 85.6% yield). 1H NMR (CDCl3, 400 MHz): δ (ppm) = 8.83-‐
8.60 (m, 2 H), 7.34-‐7.16 (m, 2H), 4.15-‐3.84 (m, 4 H), 1.83-‐1.15 (m, 32 H), 1.00-‐0.68 (m, 6
H), m.p.: 188-‐190°C.
4-‐Bromo-‐N,N-‐bis(4-‐methoxyphenyl)aniline

(BBMPA)

HexO

OHex

N

Br

The following were added to a dry 3-‐neck round bottom flask fitted with a condenser,
Dean Stark trap and stir bar: p-‐hexoxy-‐iodobenzene (0.866 g, 3.955 mmol), p-‐
bromoaniline (0.341 g, 1.978 mmol), CuI (0.0075 g, 0.0395 mmol), NaOH (0.317 g, 7.912
mmol), 9,10-‐Phenanthroline (0.0071 g, 0.0395 mmol). The vessel was then purged with
N2 for several minutes. Dry toluene was then syringed in and the reaction was heated to
reflux (~110°C) for 3 days. The reaction was then cooled to rt and diluted with DCM. The
mixture was washed with H2O several times, then brine and extracted in DCM. The
organic layers were combined and dried over Na2SO4. Purification on a silica column (0-‐
10% DCM in hexanes) afforded the product as an orange oil. It appears green on a thin
layer chromatography plate under UV light (254 nm). As BBMPA is light/air sensitive, an
NMR was not taken.
2-‐furonitrile
O
N

To a 100 mL round bottom flask fitted with a Dean Stark trap, condenser and a stir bar,
hydroxylamine hydrochloride (0.1736 g, 2.498 mmol) was added, and then purged with
N2. DMSO (10 mL) was syringed in and the mixture was stirred for several minutes until
the hydroxylamine dissolved. 2-‐Furaldehyde (0.20 g, 2.0815 mmol) was syringed in and
the reaction mixture was stirred at rt for 30 minutes. The temperature was then raised
to 100C for 24h. the mixture was cooled to rt and quenched with water and extracted
with diethyl ether several times. The organic layers were combined and dried over
Na2SO4. The crude product was concentrated to give a yellow oil. Silica column
chromatography (5-‐10% ethyl acetate in hexanes) afforded the resulting product. FTIR:
2233 cm-‐1 (C≡N).
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APPENDIX B
H NMR SPECTRUM OF TDPPC10
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APPENDIX C
H NMR SPECTRUM OF BrTDPPC10
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APPENDIX D
H NMR SPECTRUM OF FDPP
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